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Abstract
The pre-neutron-emission mass distributions for reaction 232Th(n, f) up
to 60 MeV are systematically studied with an empirical fission potential
model. The energy dependences of the peaks and valleys of the pre-
neutron-emission mass distributions are described by the exponential ex-
pressions based on the newly measured data. The energy dependence
of evaporation neutrons before scission, which plays a crucial role for
the reasonable description of the mass distribution, is also considered.
Both the double-humped and triple-humped shape of the measured pre-
neutron-emission mass distributions for reaction 232Th(n, f) are reason-
ably well reproduced at incident energies up to 60 MeV. The mass dis-
tributions at unmeasured energies and the critical energies at which the
humped pre-neutron-emission mass distributions are transformed into
each other are also predicted.
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1. Introduction
The pre-neutron-emission mass distribution is one of the most im-
portant characteristics of the nuclear fission process. In nuclear energy
applications, the composition of fission products must be known because
they are accumulated during the operation of a nuclear reactor and in-
fluence physical and chemical properties of nuclear fuel. It is necessary
to accurately describe and predict fission yields at different energies for a
successful nuclear fission model. Due to the complex of fission process, it
is still difficult to microscopically describe the mass splitting for neutron-
induced fission at low and intermediate energies [1, 2, 3], though it is
believed that the formation of the fission fragment-mass distribution is
closely connected with the potential energy surface in deformation space
[4, 5]. Nowadays, there is an increasing interest in studying neutron-
induced fission of actinides at intermediate energies. It is motivated by
nuclear data needs for new applications such as accelerator-driven sys-
tem, thorium-based fuel cycle, and the next generation of exotic beam
facilities. However, the data on fission fragment mass yields are scarce
at neutron energies above 10 MeV, especially for reaction 232Th(n, f).
Recently, the reaction 232Th(n, f) at intermediate energies was measured
by V.D. Simutkin group [3, 6, 7]. Theoretical calculations for the pre-
neutron-emission mass distributions is of great importance for under-
standing the fission process and for describing the measured yields of the
fission products.
Compared with low-energy fission, neutron-induced fission at inter-
mediate energies is more complicated due to the pre-equilibrium parti-
cle emission and neutron evaporation. There are several codes, such as
MCFX [8], TALYS [9], UKFY4.1 [10], GEF2012/2.4 [11] and PYF [12],
which can calculate the pre-neutron-emission mass distributions for re-
action 232Th(n, f) at low or intermediate energies. Generally, the agree-
ment between the experimental data and the mode calculations men-
tioned above is good for 238U but worse for 232Th at intermediate en-
ergies [3, 6, 7]. It can be obviously seen from the experimental data
[3, 6, 7, 13, 14] that the pre-neutron-emission mass distributions for reac-
tion 232Th(n, f) gradually change from double-humped to triple-humped
shape with increasing the incident energies. In this work, we attempt
to describe quantitatively both the double-humped and triple-humped
pre-neutron-emission mass distributions for reaction 232Th(n, f) up to 60
MeV with an empirical fission potential.
The empirical fission potential and its parameters are introduced in
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Section 2. The calculated results for the pre-neutron mass distributions
from the model are shown in Section 3. In section 4, we give a brief
summary.
2. Fission potential and its parameters
Assuming that a compound nucleus separates into a pair of daugh-
ter nuclei in the fission process, so the pre-neutron-emission mass dis-
tributions of intermediate energies neutron-induced 232Th fission can be
approximately described by a simplified fission potential U(A),
P (A) = C exp[−U(A)]. (1)
Where C is the normalization constant, and the variable A denotes the
mass number of the primary fragment. Considering the triple-humped
mass distributions of intermediate energies neutron-induced 232Th fission,
we describe the phenomenological fission potential U(A) by using five
harmonic-oscillator functions (see Fig. 1), i.e.,
U(A) =


U1(A− A1)2 A ≤ a,
−V1(A− B1)2 +R1 a ≤ A ≤ b,
U2(A− A0)2 +R0 b ≤ A ≤ c,
−V2(A− B2)2 +R2 c ≤ A ≤ d,
U3(A− A2)2 A ≥ d.
(2)
Where A1 and A2 are the positions for the peaks of the light and heavy
fragments of the pre-neutron-emission mass distributions, and A0 is the
position of the symmetrical fission. B1 and B2 are the positions for
the valleys of the light and heavy fragments of the pre-neutron-emission
mass distributions, respectively. Considering that the fission potential is
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Figure 1: Schematic representation of the fission potential.
a smooth function, the coefficients in Eq. (2) can be derived as
U1 =
R1
(A1 −B1)(A1 − a) ,
V1 =
R1
(A1 −B1)(a− B1) ,
U2 = −V1(b− B1)
b−A0 ,
V2 = −U2(c− A0)
c− B2 ,
U3 = −V2(d−B2)
d− A2 ,
b = B1 +
R1 − R0
V1(A0 −B1) ,
c = A0 +
R0 −R2
U2(A0 − B2) ,
d = B2 +
R2
V2(A2 −B2) .
(3)
The potential parameters a, R1, R2 and R0 will be discussed later.
The total mass distributions of the binary fission fragments should
be normalized to 200%. The normalization constant C can therefore be
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analytically expressed as
C =
200%∫
∞
0
U(A)dA
=
200%
I0 + I1 + I2 + I3 + I4
,
(4)
with
I0 =
√
pi
2
√
U1
{erf[(a−A1)
√
U1] + erf[A1
√
U1]},
I1 =
√
pie−R1
2
√
V1
{−erfi[(a−B1)
√
V1] + erfi[(b− B1)
√
V1]},
I2 =
√
pie−R0
2
√
U2
{erf[(A0 − b)
√
U2]− erf[(A0 − c)
√
U2]},
I3 =
√
pie−R2
2
√
V2
{erfi[(B2 − c)
√
V2]− erfi[(B2 − d)
√
V2]},
I4 =
√
pi
2
√
U3
{1 + erf[(A2 − d)
√
U3]},
(5)
where erf(x) and erfi(x) denote the error function and imaginary er-
ror function, respectively. We also assume that P (A1) = P (A2) and
P (B1) = P (B2), i.e., for the pre-neutron-emission mass distributions,
the heights of the peaks and valleys of the light fragments equal those
of the heavy fragments. So the parameter a can be uniquely determined
by the experimental data P (A0), P (A1), P (B1) and the normalization
constant C.
In addition, the potential parameters R1, R2 and R0 can be derived
from the height of peaks and valleys, i.e.,
R1 = R2 = ln
P (A1)
P (B1)
,
R0 = ln
P (A1)
P (A0)
.
(6)
A particular attention should be payed to that these position param-
eters are closely relative to the evaporation neutrons before scission at
different incident energies. For reaction 232Th(n, f) at low incident ener-
gies (En < 6.0 MeV), the pre-neutron-emission mass distributions show
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a double-damped shape, and the fission potential Eq. (1) will be simpli-
fied as the three harmonic-oscillator functions [1]. The positions A1 and
A2 are obtained from the nucleus-nucleus driving potential of the fissile
nucleus 233Th [1, 15, 16]. With increasing the incident neutron energy,
the excitation energy of the compound nucleus will become higher, and
a few neutrons will be evaporated before scission. The number of the
evaporation neutron n˜(En) is empirically expressed as


n˜(En) = 0, Eth ≤ En ≤ 6.0 MeV,
n˜(En) = 1, 6.0 < En ≤ 14.0 MeV,
n˜(En) = 2, 14.0 < En ≤ 21.0 MeV,
n˜(En) = 3, 21.0 < En ≤ 31.0 MeV,
n˜(En) = 4, 31.0 < En ≤ 52.0 MeV,
n˜(En) = 5, 52.0 < En ≤ 60.0 MeV.
(7)
Where, Eth is the threshold energy for
232Th(n, f) reaction. It is assumed
that a compound nucleus (mass number is ACN) after evaporating neu-
trons separates into a pair of daughter fragments in the fission process,
and the mass number of the fissile nucleus is AFN at different incident
energy regions. For neutron induced 232Th fission, the fissile nuclei are
233Th, 232Th, 231Th, 230Th, 229Th and 228Th corresponding the reaction
channels (n, f), (n, nf), (n, 2nf), (n, 3nf), (n, 4nf) and (n, 5nf), respec-
tively. The position A2 of the heavy fragment peaks, as well as A1 of
the light fragment peaks and A0 of the symmetrical fission, should be
modified as 

AFN = ACN − n˜(En),
A1 = ACN − Ag.s.2 ,
A2 = A
g.s.
2 − n˜(En),
A0 = AFN/2.
(8)
Where Ag.s.2 ≃ 140 denotes the lowest position of the driving potential
derived from the ground state of the fissile nucleus [1].
Additionally, the different incident energy intervals of Eq. (7) corre-
sponding the evaporation neutron numbers are consistent with the fission
cross sections for reaction n+232Th as shown in Fig. 2. The scattering
dots denote the experimental data derived from Refs. [17, 18, 19], and the
solid curve denotes the evaluated results of ENDF/B-VII.1. The dash
lines denote the incident energy regions corresponding to the different
multi-chance fission channels as labeled (n, f), (n, nf), (n, 2nf), (n, 3nf),
(n, 4nf) and (n, 5nf), respectively.
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Figure 2: (Color online) Fission cross section of reaction 232Th(n, f)
for incident neutron energies from threshold energy to 60 MeV. The ex-
perimental data are obtained from Refs. [17] (full squares), [18] (empty
squares) and [19](empty circles), respectively. The solid curve denotes
the evaluated results of ENDF/B-VII.1, and the dash lines denote the
incident energy intervals corresponding to the different multi-chance fis-
sion channels as labeled (n, f), (n, nf), (n, 2nf), (n,3nf), (n, 4nf) and (n,
5nf), respectively.
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Figure 3: (Color online) Heights of pre-neutron-emission mass distri-
butions for (a) light fragment peak P (A1), (b) symmetric fission point
P (A0), (c) light fragment valley P (B1) and (d) the width between val-
leys △B in fission reaction 232Th(n, f) as a function of incident neutron
energy En. The experimental data are derived from Refs. [3, 6, 7], and
the curves denote the results of Eq. (9) and Eq. (11).
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For the triple-humped pre-neutron-emission mass distributions, the
positions of the valleys B1 and B2 shown in Eq. (2) play an important
role. Based on the quasi-monoenergetic experimental data [3, 6, 7], one
can see that the width between the valleys ∆B = B2−B1 increases with
the incident energies, and its energy dependence can be reasonably well
described with a parameterized formula
∆B = 22.509− 69.774 exp(−0.114En). (9)
So the positions of the valleys B1 and B2 should be modified as
B1 = A0 −∆B/2,
B2 = A0 +∆B/2.
(10)
Based on the experimental data [3, 6, 7] of the reaction 232Th(n, f) up
to 60 MeV, the energy dependence of heights of the peaks P (A1), P (A0)
and the valley P (B1) is also exponentially expressed as
P (A1) = 2.570 + 4.371 exp(−0.023En),
P (A0) = 5.543− 6.220 exp(−0.020En),
P (B1) = 2.934− 4.139 exp(−0.050En).
(11)
One can see that the values of P (A1) , P (A0) and P (B1) exponentially
change with the incident energies in general, which could provide some
useful information at unmeasured energies.
3. Results and discussion
In this work, the evaporation neutrons at different incident energy
intervals are empirically derived, and are additionally consistent with the
fission cross sections in multi-chance fission channels as shown in Fig. 2.
In terms of the driving potential, the position of the light fragment peak
A1 of the pre-neutron-emission mass distributions for reaction
232Th(n, f)
is fixed. The energy dependence of the positions of the heavy fragment
peaks A2 and the symmetric fission point A0 are uniquely determined
after considering the evaporation neutron numbers, as expressed Eq. (8).
Based on the experimental data, the energy dependence of the positions
B1 and B2 of the fragment valleys, as well as the energy dependence of
the heights of the peaks P (A1), P (A0) and the valley P (B1), are also
reasonably described by Eqs. (9)-(11). Therefore, the parameters of the
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Figure 4: (Color online) Pre-neutron-emission mass distributions for
reaction 232Th(n, nf). The scattered symbols denote the experimental
data in incident energy interval 9-11 MeV, which are taken from Ref. [6,
7] (squares). The red solid curve denotes the calculated results at En=10
MeV, and the blue dash curve does the results using the parameters of
Ref. [1] at the same incident energy.
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Figure 5: (Color online) Pre-neutron-emission mass distributions for re-
action 232Th(n, 2nf). The scattered symbols denote the experimental
data in incident energy interval 14-19 MeV [6, 7]. The red solid curve
denotes the calculated results at En=16.5 MeV.
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Figure 6: (Color online) Pre-neutron-emission mass distributions for re-
action 232Th(n, 4nf). The scattered symbols denote the experimental
data [3, 6]. The red solid curve denotes the calculated results at En=32.8
MeV.
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Figure 7: (Color online) The same as Fig. 6, but for reaction 232Th(n,
4nf) at En=45.3 MeV.
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Figure 8: (Color online) Pre-neutron-emission mass distributions for
reaction 232Th(n, 5nf). The scattered symbols denote the experimental
data [3, 6]. The red solid curve denotes the calculated results of this work
at En=59.9 MeV. The calculation results from different methods are also
presented for comparison: TALYS1.4 code [9, 20] (magenta dash dot
curve), the liquid drop model [21] (blue dot curve), modified TALYS1.0
code [6] (cyan dash dot dot curve), Yukawa [22] (dark yellow short dash
curve) and UKFY4.1 library [10] (olive short dot curve).
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Figure 9: (Color online) Predicted pre-neutron-emission mass distribu-
tions (%) at incident energies from 10 MeV to 60 MeV for reaction
232Th(n, f).
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fission potential are uniquely determined by using Eqs. (2)-(6). The
calculated pre-neutron-emission mass distributions for reaction 232Th(n,
f) are shown in Figs. 4-9.
A particular attention should be payed to that there is a theoreti-
cally critical energy point while the height of the light fragment valley
P (B1) almost equals the value of the symmetric fission point P (A0) with
decreasing the incident energies. So the phenomenological fission po-
tential Eq. (2) consisting of five harmonic-oscillator functions would be
transformed into the expression of three harmonic-oscillator functions
as shown in Ref. [1]. Using the parameters mentioned above, the pre-
neutron-emission mass distributions for reaction 232Th(n, f) as a function
of the fragment mass number A at incident neutron energy En=10 MeV
are shown in Fig. 4 (red solid curve). In this figure, the scattered sym-
bols denote the experimental data in incident energy interval 9-11 MeV,
which are taken from Ref. [6, 7]. For comparison, we also give the cal-
culated results using the potential parameters of Ref. [1] at En=10 MeV
(blue dash curve). From Fig. 4, one can see that the results of the mass
distributions are slightly improved with the new parameters comparing
with those in Ref. [1]. In Ref. [1], the energy dependence of peaks
and valleys is simply assumed as a linear function of energy for fission
at low incident energies (En < 6) MeV. In addition, the calculated pre-
neutron-emission mass distributions at different incident energies and the
experimental data are also shown in Figs. 5 - 8. Furthermore, the pre-
neutron-emission mass distributions at different incident energies from 10
MeV to 60 MeV for reaction 232Th(n, f) are also predicted (see Fig. 9).
This figure clearly shows that the incident energy interval from double-
dumped to triple-dumped shape locals 20 MeV - 30 MeV, and the sym-
metric fission component increases with incident neutron energy.
In Fig. 8, we also compare the experimental data at En=59.9 MeV
with the model calculations from different methods. The red solid, ma-
genta dash dot, blue dot, cyan dash dot dot, dark yellow short dash,
olive short dot curves denote the results of this work, TALYS1.4 code
[9, 20], the liquid drop model [21], modified TALYS1.0 code [6], Yukawa
[22] and UKFY4.1 library [10], respectively. The detailed descriptions
of these model calculations are given in Ref. [3]. Compared with these
model calculations, one can see that the results of this work reproduce
the experimental data better.
In addition, from Fig. 4- Fig. 9, one can see the double-dumped
and triple-dumped shapes of the pre-neutron-emission mass distribu-
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tions. The triple-dumped pre-neutron-emission mass distributions grad-
ually change to the double-dumped shape with decreasing the incident
energies. For reaction 232Th(n, f), this critical incident energy is ∼ 23
MeV through comparing the heights of the valley P (B0) and the sym-
metric fission point P (A0) as expressed Eq. (11). In addition, we find
that at energy En ≥ 110 MeV the pre-neutron-emission mass distribu-
tions for reaction 232Th(n, f) change to a single-dumped shape, i.e., the
symmetric fission component dominates in the fission process.
4. Summary
In this work, an empirical fission potential model is proposed to quan-
titatively describing the pre-neutron-emission mass distributions for re-
action 232Th(n, f) up to 60 MeV. The energy dependences of evaporation
neutrons before scission, peaks and valleys of the pre-neutron-emission
mass distributions are described by the exponential expressions based on
the newly measured data. Both the double-humped and triple-humped
shape of the measured pre-neutron-emission mass distributions are rea-
sonably well reproduced from low to intermediate incident energies. The
pre-neutron-emission mass distributions at unmeasured energies are also
predicted with this approach up to 60 MeV. We compare the calculated
results using the previous method and the parameters [1], and the re-
sults of this work are slightly improved at low incident energies. We
also compared the experimental data at intermediate energy with the
model calculations from different methods, and one can see that the re-
sults of this work reproduce the experimental data better. Based on
this empirical fission potential model and parameters, we also predict
that the critical incident energies are ∼ 23 MeV from double-dumped
to triple-dumped shape, and ≥ 110 MeV from triple-dumped to single-
humped shape of the pre-neutron-emission mass distributions for reaction
232Th(n, f). This investigation is helpful for further describing the yields
of the fission products. In addition, a more microscopic description of
the potential parameters should be further investigated. The study of
these aspects is underway.
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